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A new Yb-based compound YbRhSb with the orthorhombic «-TiNiSi-type structure has been synthesized.
The magnetic-susceptibility, magnetization, and specific-heat (Cp) measurements of single crystals revealed a
ferromagnetic transition at TC52.7 K. An extrapolation of the Cp /T data below 1 K yields 370 mJ/mol K2 as
the g value, and the magnetic entropy reaches only 0.25R ln 2 at TC . The spontaneous moment is unusually
small, 331023mB /Yb for Buub , while the magnetization increases to 1.4mB /Yb when the field of 15 T is
applied along the a axis. We ascribe the weak ferromagnetism to a canted antiferromagnetic structure based on
the observation of a metamagnetic transition and the decrease of TC with the increase of magnetic field.
DOI: 10.1103/PhysRevB.69.020401 PACS number~s!: 75.30.Mb, 75.20.Hr, 71.27.1aHeavy-fermion ~HF! compounds have attracted consider-
able attention because of the appearance of unconventional
superconductivity and non-Fermi-liquid behaviors in the vi-
cinity of a boundary between the magnetically ordered state
and the paramagnetic state, so-called a quantum critical point
~QCP!.1 Interestingly, ferromagnetic HF compounds are
rather rare compared with antiferromagnetic HF compounds.
Recently, weak ferromagnetism ~WFM! has been found in
Yb12xYxInCu4 (x<0.3) under pressure,2–4 and coexistence
of ferromagnetism with unconventional superconductivity
has been observed in UGe2 and URhGe.5,6 Although the fun-
damental mechanisms remain unknown, these findings have
caused great interest in ferromagnetic HF compounds.
YbNiSn also exhibits unusual ferromagnetic
properties.7–9 This compound crystallizes in the orthorhom-
bic «-TiNiSi-type structure. The isostructural Ce-based
counterpart CeNiSn is well known as a Kondo
semiconductor.10 YbNiSn undergoes a ferromagnetic transi-
tion at TC55.6 K with the ordered moment M s50.85mB .7 A
large electronic specific-heat coefficient ~g.300
mJ/mol K2) below TC classified YbNiSn into the HF
system.8 A neutron-diffraction study revealed the collinear
magnetic structure with magnetic moments along the c axis
although the easy magnetization axis is a axis.7 An unusual
pressure dependence of TC was found;9 TC increases to 7.6
K on applying pressure up to 2 GPa while the magnitude of
M s is unchanged, and a complex antiferromagnetic order ap-
pears at 3 GPa. These properties were explained by consid-
ering the volume-dependent competition between the anisot-
ropy of the intersite exchange interaction and that due to the
crystalline electric-field ~CEF! effect. If the volume of
YbNiSn could be expanded, the magnetically ordered state is
destabilized and the system would be tuned toward the QCP.
With this in mind, we have synthesized such an isostructural
compound YbRhSb, the unit-cell volume of which is larger
by 4% than that of the sister compound YbNiSn. In this
paper, we report the magnetic, transport, and thermal prop-
erties of single-crystalline samples. The results of measure-
ments revealed a WFM transition which occurs in a HF state.
We discuss the origin of the WFM in YbRhSb by comparing
the physical properties with those in YbNiSn.0163-1829/2004/69~2!/020401~4!/$22.50 69 0204Single-crystalline samples of YbRhSb were grown by us-
ing the Bridgeman method. Stoichiometric amounts of the
elements were sealed in a molybdenum crucible by arc weld-
ing under a purified argon atmosphere. The crucible was
heated up to 1600 °C in a vacuum by using a tungsten mesh
heater and slowly cooled. The least-squares refinement of the
powder x-ray-diffraction pattern showed that YbRhSb crys-
tallizes with the orthorhombic «-TiNiSi-type structure ~space
group Pnma! with lattice constants a57.004 Å, b
54.492 Å, and c57.731 Å. Metallographic examination to-
gether with the electron-probe microanalysis ~EPMA! re-
vealed the presence of an impurity phase YbSb2 of less than
0.1% of the stoichiometric host phase. The single-crystal na-
ture of the sample was confirmed by the x-ray Laue diffrac-
tion method. The electrical resistivity was measured by the
conventional dc four-probe method in the temperature range
from 0.35 K to 300 K. The measurements of specific heat
were performed by using the quasiadiabatic heat-pulse
method between 0.6 K and 70 K in zero field and by the
Physical Property Measurement System ~Quantum Design!
in magnetic field up to 10 T. Magnetization was measured by
using a commercial superconducting quantum interference
device magnetometer ~Quantum Design! in fields up to 5 T at
temperatures from 2 K to 300 K, and by a homemade
extraction-type magnetometer for fields up to 15 T and tem-
peratures down to 1.4 K.
Figure 1~a! shows the inverse magnetic susceptibility
x(T)21 of YbRhSb for field directions parallel to the ortho-
rhombic principal axes. The three sets of data of x(T) from
300 K to 100 K obey the Curie-Weiss law with an effective
magnetic moment me f f of 4.4mB which is close to 4.54mB
expected for the free Yb31 ion. The strong deviation from
the Curie-Weiss law on cooling below 100 K can be ascribed
to the CEF effect. The paramagnetic Curie temperatures (up)
are 247, 290, and 2160 K for Buua , Buub , and Buuc , re-
spectively. The x(T) for Buua is the largest in the whole
measured temperature range. This anisotropic behavior indi-
cates that the magnetization easy axis in the paramagnetic
state is parallel to the a axis, same as for YbNiSn.8
The anisotropic behavior in the electrical resistivity r is
shown in Fig. 1~b!. In a wide temperature range from 300 K
to 50 K, r(T) for all the current directions remains almost©2004 The American Physical Society01-1
RAPID COMMUNICATIONS
Y. MURO et al. PHYSICAL REVIEW B 69, 020401~R! ~2004!constant, but rapidly decreases with decreasing temperature
below 20 K. This behavior in r(T) is common to Yb-based
HF compounds such as YbNiSn and YbRh2Si2.7,11 The low-
temperature data of r(T) will be shown and discussed after-
ward.
Figure 2 shows the result of the specific heat Cp(T) of
YbRhSb. As shown in Fig. 2~a!, a linear extrapolation of the
Cp /T vs T2 plot from above 10 K yields the electronic
specific-heat coefficient gH and the Debye temperature QD
to be 188 mJ/mol K2 and 222 K, respectively. This magni-
tude of gH is transferred to the Kondo temperature TK of 30
K by using the S51/2 impurity Kondo model, which is rel-
evant to a ground-state doublet of Yb31.12 On cooling below
8 K, Cp /T increases significantly and exhibits a pronounced
maximum at 2.7 K, which is due to a magnetic transition as
is shown below. The magnetic contribution to the specific
heat Cm(T) was derived by the subtraction of Cp of LaRhSb
from that of YbRhSb without any correction for the differ-
ence in the mass between La and Yb atoms. It should be
noted that the anomaly in Cp(T) for LaRhSb at 2.2 K is due
to the superconducting transition.13 The data of Cm(T) dis-
plays two peaks at 25 K and 160 K, respectively. The former
temperature agrees with the above-mentioned value of TK
530 K, and the latter peak could be reproduced by the sum
of Schottky peaks due to the CEF effect. In YbRhSb with the
orthorhombic crystal symmetry, the CEF splits the eightfold
degenerate J57/2 state of Yb31 ion into four doublets. For
fitting Schottky anomalies, we neglected the contribution
from the highest doublet because the magnetic entropy
Sm(T) seems to reach a value of R ln 6 far above 300 K. The
proposed level scheme is represented in Fig. 2~b!. The fact
that energy splitting between the ground-state doublet and
the first exited doublet is twice that of YbNiSn (;150 K) is
FIG. 1. Temperature dependence of ~a! the magnetic suscepti-
bility and ~b! the electrical resistivity of single crystal YbRhSb for
the directions of magnetic field and electrical current, respectively,
along the orthorhombic crystal axes.02040opposite to the expectation from the larger unit-cell volume
by 4% for YbRhSb.7 The Sm reaches 0.25R ln 2 at the mag-
netic ordering temperature, and this small value suggests the
strong suppression of the magnetic entropy by the Kondo
effect. With increasing temperature, Sm recovers the full
value of R ln 2 at 30 K which agrees with the TK estimated
from the gH value.
The magnetic transition at 2.7 K is manifested as anoma-
lies in both M /B and r , as seen in Fig. 3. For all the prin-
cipal directions, the data of M /B at B510 mT turn upward
below 3 K, where this temperature agrees with the l-type
anomaly in Cp /T @see Fig. 3~c!#. The drop of r(T) is most
pronounced for the current direction Iuuc . These findings in-
dicate that a long-ranged magnetic transition takes place at
TC52.7 K with a ferromagnetic component. As shown in the
inset of Fig. 3~c!, the linear extrapolation of the Cp /T vs T2
plot below 1 K yields the gL value of 370 mJ/mol K2. The
transition is totally suppressed when the magnetic field of 10
T is applied along the a axis. More detailed analysis of
Cp(T) in magnetic fields will be reported elsewhere. The
ferromagnetic nature was confirmed by the measurement of
isothermal magnetization M (B). In Fig. 4~a!, a small but
clear hysteresis loop is observed at 2 K in all principal di-
rections. The spontaneous magnetization M s is estimated by
the linear extrapolation of the M (B) data to B50 to be
0.0018mB /Yb, 0.0032mB /Yb, and 0.0013mB /Yb for Buua ,
Buub , and Buuc , respectively. It is noteworthy that M s(Buua),
along the easy magnetization axis in the paramagnetic state,
FIG. 2. ~a! Temperature dependence of the specific heat Cp of
YbRhSb plotted as Cp /T vs T2. The dashed line represents the
linear extrapolation to T50 K. The inset shows the double-
logarithmic plot of Cp vs T for YbRhSb and LaRhSb. ~b! The
magnetic part of specific heat Cm and magnetic entropy Sm divided
by R ln 2, where R is the gas constant. The dash-dotted line repre-
sents the theoretical curve of Cm for S51/2 Kondo impurities with
TK530 K, and the dotted line is the crystal-field contributions to
Cm calculated using the energy scheme drawn in the inset.1-2
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M s are three orders of magnitude smaller than that expected
for the CEF ground state of Yb31.
From the magnitude of M s’1023mB /Yb, one would sus-
pect that the WFM results from a small amount of ferromag-
netic impurity. However, this can be ruled out by following
reasons. First, among four single-crystal samples taken from
different batches, no sample dependence was observed in
either TC or M s along all the directions. Second, the impurity
YbSb2, whose volume fraction is less than 0.1% according
to the EPMA, has been known as a Pauli paramagnet show-
ing a superconducting transition at 1.4 K.14 Thus, the WFM
must be the intrinsic property of YbRhSb.
Figure 4~b! shows the M (B) curves up to 15 T at 1.4 K.
The M (B) for Buua and Buuc increases smoothly, and then
reaches 1.4mB /Yb and 0.6mB /Yb, respectively, at the high-
est field. On the other hand, M (Buub) exhibits a metamag-
neticlike anomaly at 2.2 T as shown more clearly in the inset
of Fig. 4~b!. Under various magnetic fields above and below
2.2 T, we measured the temperature dependence of M (Buub)
and the result of M /B vs T is represented in the inset of Fig.
4~a!. The upturn in M /B at B510 mT ~see Fig. 3! changes
to a peak at 2.4 K for B51.75 T. The peak temperature
decreases with increasing B up to 4 T. The decrease of the
ordering temperature and the metamagneticlike anomaly are
characteristic of an antiferromagnet rather than a ferromag-
net. Therefore, the WFM moment in YbRhSb is not induced
by a collinear ferromagnetic structure as found in the isos-
tructural compound YbNiSn, but originated from a canted
antiferromagnetic structure.
FIG. 3. ~a! Low-temperature data of magnetic susceptibility
M /B at B510 mT, ~b! electrical resistivity, and ~c! specific heat in
Buua50, 7, and 10 T for YbRhSb. The inset represents the data
plotted by Cp /T vs T2.02040Now we consider the mechanism of WFM in YbRhSb.
The occurrence of WFM in antiferromagnets may originate
from two relevant interactions:15 one is single-ion anisotropy
due to the CEF and the other is the antisymmetric interac-
tion, so-called Dzyaloshinsky-Moriya ~DM! interaction in-
duced by an anisotropic spin-spin interaction. First, we ex-
amine the possibility of the DM interaction for the WFM of
YbRhSb. The nearest-neighbor Yb ions are placed in one ac
plane and form a zigzag chain along the a axis. No inversion
symmetry exists at the midpoint of two neighboring Yb ions,
but the two Yb ions are in a mirror plane parallel to the ac
plane. The mirror symmetry allows the Dzyaloshinsky vector
at the midpoint to orient perpendicular to the ac plane.15
Thus a ferromagnetic component can appear when the anti-
ferromagnetic moments lie in the ac plane. However, the M s
of YbRhSb is the largest for Buub , and M /B decreases most
significantly for Buub on cooling below the peak temperature.
These facts indicate that the ordered moments lie almost par-
allel to the b axis, which contradicts the above-mentioned
requisite for the DM interaction. In order to confirm this
reasoning, neutron-diffraction measurements have been per-
formed on a single crystal above and below the ordering
temperature. Preliminary results are consistent with the
canted antiferromagnetic structure above proposed.16
In Yb-based compounds, single-ion anisotropy originates
from the CEF-induced magnetocrystalline anisotropy, which
determines the direction of the easy magnetization in the
paramagnetic state. The easy magnetization direction agrees
with the direction of the ordered moments if the magneto-
FIG. 4. ~a! Isothermal magnetization curves M (B) of YbRhSb
at 2 K in the field range uBu,0.1 T. The inset shows the tempera-
ture dependence of the susceptibility M /B under various magnetic
fields. ~b! M (B) curves at 1.4 K. The metamagnetic transition at 2.2
T for Buub is shown in the inset.1-3
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tion is sufficiently weak. In YbRhSb, the metamagnetic tran-
sition at 2.2 T for Buub suggests the strong magneto-
crystalline anisotropy. Moreover, the magnetization easy axis
along the a axis is different from the direction of ordered
moments which is almost along the b axis. As mentioned
above, in the isostructural compound YbNiSn, the magneti-
zation easy axis is the a axis while the ordered moments are
directed to the c axis. It was ascribed to the competitive
anisotropies between the CEF effect and the magnetic ex-
change interaction.7 Furthermore, the pressure study of
YbNiSn revealed that the volume dependence of the balance
between the two anisotropies induces a complex antiferro-
magnetic state above 3 GPa.9 The unit-cell volume of
YbRhSb (V5242.3 Å3) is larger by 4% than that of YbNiSn
(V5233.5 Å3) at room temperature. This size of volume
expansion might be sufficient to quench the collinear ferro-
magnetic order because its TC is expected to vanish at V
;240 Å3 from the Gru¨neisen parameter 2d ln TC /d ln V
5240.17 The instability of the collinear ferromagnetic state
may favor the antiferromagnetic ground state. The delicate
competition between the CEF effect and the magnetic ex-
change interaction may allow a canted antiferromagnetic
structure in YbRhSb.
In summary, we have synthesized a new Yb-based com-
pound YbRhSb with the «-TiNiSi-type structure in a single-
crystal form, and investigated the magnetic and transport
properties. The magnetic susceptibility is governed by the
combination of the CEF effect and Kondo effect. The elec-
trical resistivity is characterized with a plateau down to 50 K
and a rapid decrease on cooling below 20 K. A pronounced
Kondo peak emerges in the magnetic contribution to the spe-
cific heat, which is reproduced by the Kondo impurity model02040with TK530 K. The most significant observation of this
study is a ferromagnetic transition at TC52.7 K. An extrapo-
lation of the Cp /T data below 1 K yields 370 mJ/mol K2 as
the g value, and the magnetic entropy reaches only
0.25R ln 2 at TC . The spontaneous magnetization at 2 K is
largest for the field direction parallel to the b axis, while the
a axis is the magnetization easy axis. Surprisingly enough,
the magnitude of the spontaneous magnetization is only
0.0032mB /Yb that is smaller by three orders of magnitude
than 4mB that expected for a Yb31 free ion. However, the
magnetic moment increases to 1.4mB /Yb when the external
field of 15 T is applied along the a axis. We therefore ascribe
the WFM of YbRhSb to the result of a canted antiferromag-
netic order. In fact, the antiferromagnetic nature is mani-
fested in both the decrease of the peak temperature of the
M /B vs T plot and the appearance of the metamagnetic tran-
sition at 2.2 T for Buub . To our knowledge, YbRhSb is the
first example of Yb-based HF compound showing very small
spontaneous moment at ambient pressure. Our considerations
of the local symmetry of Yb31 ions and of the volume de-
pendence of the magnetic structure for the isostructural fer-
romagnet YbNiSn led us to conclude that the WFM of
YbRhSb originates in the competition between the anisot-
ropy due to CEF effect and that of the magnetic exchange
interaction. In order to determine the magnetic structure and
the size of the ordered moment, neutron-diffraction and
NMR experiments are presently under way.
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